ABSTRACT We present measurements of the performance characteristics of few-cycle laser pulses generated by propagation through a gas-filled hollow fiber. The pulses going into the fiber and the compressed pulses after the fiber were simultaneously fully characterized shot-by-shot by using two kHz SPIDER setups and kHz pulse energy measurements. Outputpulse properties were found to be exceptionally stable and pulse characteristics relevant for non-linear applications like highharmonic generation are discussed.
Introduction
Widespread use is made today of high-power, ultra-short (5-7 fs) laser pulses generated using the hollowfiber and chirped mirror compression technique [1, 2] . An important application for such systems is coherent extremeultraviolet light generation using high-harmonic generation (HHG) [3, 4] . Crucially, use of a hollow fiber with postcompression has proven so far to be the only method of providing the high intensities and short pulses required to generate isolated attosecond pulses using HHG [5] .
While 1 kHz shot-by-shot measurements are technically more demanding than using sample averaging, a shot-by-shot data set allows insights into the causes of the hollow-fiber performance. For example, it is a well-known problem that varying only the energy of an ultra-short pulse in the laboratorywhile keeping all other properties (e.g. chirp, duration) fixed -is practically impossible. Not surprisingly, exact mechanisms of the hollow-fiber method therefore have undergone few experimental studies. The present work does not discuss the theory of hollow-fiber compression [6] but presents a study of the parameter dependences of the process.
It is well known that high repetition rate allows rapid data collection and helps combat the possible effects of slow performance drifts inherent in multi-component laser systems and experiments. Fast stochastic fluctuations in outputpulse properties always persist, but are here quantified and exploited to test for interdependences. To date, limited singleshot studies have been carried out for the output of a 10-Hz u Fax: +41-1-633-1059, E-mail: biegert@phys.ethz.ch chirped-pulse amplification (CPA) system [7] and for the pulse-duration fluctuations of the hollow-fiber compressed output of a 1-kHz system [8] . This work presents a study where for the first time both the input pulses to the hollow fiber and the broadband output pulses were characterized simultaneously and shot-by-shot at 1 kHz. In addition to allowing us to study the shot-by-shot performance of the hollow-fiber technique and of our home-built CPA laser system [9] , it was also possible to obtain correlations between the input and output pulses. The electric field of the pulses was measured simultaneously and shot-by-shot using SPIDER (spectral phase interferometry for direct electric field reconstruction) [8, 10, 11] . Complete characterization of both the input and the output of the hollow fiber makes it possible to study the technique in its own right by separating effects stemming from the amplifier fluctuations from the non-linear processes occurring in the fiber.
In Sect. 2 we present our experimental setup and describe the different kHz measurement schemes that were used; in Sect. 3 we present a characterization of the pulses from the amplifier, in Sect. 4 a characterization of the hollow-fiber compressed pulses and finally in Sect. 5 correlation studies between the driving pulses entering the fiber and the compressed pulses emerging from the fiber.
Experimental setup and methods
In our experimental setup ( Fig. 1 ) a CPA system produced 30-fs pulses at a repetition rate of 1 kHz with an energy of 870 µJ (described below). The amplifier output was focused into a 400 µm inner diameter hollow-core fiber filled with 330 mbar of argon. In the hollow fiber a broadening of the optical spectrum occurred and the resulting spectra were compressed by chirped mirrors to about 6.3 fs. We used two single-shot kHz SPIDER systems to measure the spectral phase for every single pulse entering the hollow fiber as well as every compressed pulse behind the chirped mirror compressor (Fig. 2) . Two fast spectrometers, capable of kHz single-shot operation, measured simultaneously the optical spectra of the pulses entering and exiting the fiber. The pulse energies were also recorded shot-by-shot before and after the hollow fiber. The influence of beam-pointing instabilities was monitored at a kHz rate. FIGURE 1 CPA laser system: the seed pulse from the oscillator was sent through the pulse picker (PP), which reduced the repetition rate to 1 kHz before being stretched to 200 ps in an all-reflective grating stretcher. After passing through a Faraday isolator (FI) and an acousto-optic programmable dispersive filter (D), the first amplification stage was a cryogenically cooled nine-pass amplifier. The second stage was a two-pass amplifier. A grating compressor reduced the pulse duration to sub-30 fs, which was delivered to the hollow fiber for spectral broadening. Finally, doubly-chirped mirrors (DCMs) recompressed the output The knowledge of the pulse spectrum, spectral phase (SPI-DER, see below) and energy allows for the complete reconstruction of the electric field of the pulse except for the carrierenvelope (CEO) phase. This permits complete characterization of every single pulse from the amplifier before entering the hollow fiber and after recompression. In this way we were able to study the fluctuations occurring before and after the fiber as well as to look for correlations between them. FIGURE 2 Schematic of hollow fiber showing setup and measurements performed. A 2% beam splitter (BS) was used to pick off a fraction of the beam coming from the amplifier (see Fig. 1 ) to measure the optical spectrum and the spectral phase in the first kHz SPIDER setup. Position-sensitive detectors (PSDs) measured horizontal and vertical beam positions at kHz utilizing the reflection of the entry window. Doubly-chirped mirrors (DCMs) compressed the broadened fiber output and the resulting short pulses were measured simultaneously with another kHz SPIDER setup. Photodiodes (PDs) measured energy in and out of the hollow fiber, which was recorded shot-by-shot at 1 kHz; pickoffs were provided by a fused-silica plate (FS) or leakage through a focusing mirror (RFF is a response-flattening filter and ROC stands for radius of curvature)
2.1
Laser system
The two-stage CPA system ( Fig. 1 ) was seeded by a Ti:sapphire oscillator delivering sub-12 fs laser pulses at a repetition rate of 75 MHz. Pulses were picked from the pulse train at a 1-kHz repetition rate by a Pockels cell and stretched to about 200-ps duration by a grating stretcher. An acoustooptic programmable dispersive filter (DAZZLER) [12] was employed to control the spectral phase of the pulses seeding the amplifier chain. The two stages were pumped by a frequency-doubled Nd:YLF laser with the energy of 16 mJ divided equally between the two stages. The first amplifier stage was a nine-pass amplifier using triangular geometry. The Ti:sapphire crystal was cryogenically cooled to 90 K to improve beam uniformity. After nine passes the seed of a few nJ was amplified to about 1 mJ. A second stage which consisted of a water-cooled two-pass amplifier further increased the pulse energy to 1.8 mJ. A grating compressor delivered 30-fs pulses with an energy of 1.2 mJ.
2.2
Single-shot kHz pulse energy measurement
To measure the energy of laser pulses shot-by-shot at a kHz rate, the femtosecond laser pulse was loosely focused onto a large-area silicon photodiode (Thorlabs Det110). A triggered fast gated boxcar integrator circuit (Stanford Research Systems SR250) integrated the signal. The acquisition was set up in such a way that the pulse energy could be recorded continuously and single-shot. The broad optical spectra after the hollow fiber required the use of a responseflattening filter (Melles Griot 13FSD001) in front of the photodiode. The energy calibration of the photodiodes was carried out by measuring the average pulse energy with a conventional calibrated power meter. Additionally, a kHz data set was taken with and without the inclusion of a well-known loss (glass plate). Together with the average pulse energy, the latter measurement provided the energy-scale calibration for the boxcar signal, while preserving high resolution.
2.3
Single-shot kHz beam-pointing measurement
In order to measure the beam-pointing stability of the amplifier and its influence on hollow-fiber dynamics, the horizontal and vertical beam deviations of the driving pulses were measured with two position-sensitive detectors (PSDs) (SiTek 2L4SP), one for each orthogonal direction. The output signals of the PSDs were acquired with a digital storage oscilloscope (LeCroy Wavepro 7100) triggered by the laser system. Acquisition was limited to 15 000 consecutive pulses due to the storage capacity of the oscilloscope.
2.4
Single-shot kHz pulse characterization A detailed description of our single-shot SPIDER setup and further references may be found in [8] . In summary, in each of our two SPIDER setups the two required spectra (pulse spectrum and SPIDER interferogram) were recorded by separate spectrometers fitted with fast line-scan CCD cameras.
A key requirement was that the acquisition was triggerable in order to make sure that both spectra were recorded at the same time and thus belonged to the same pulse. The acquisition was continuous and only limited by the datastorage capacity. The on-line pulse-reconstruction rate was limited to 50 Hz by the computing power of our hardware. For the correlated pulse measurements at 1 kHz presented here, we therefore deferred the pulse reconstruction to postprocessing and acquired only the necessary raw spectra during the measurement.
2.5
Measurement synchronization and pulse properties
To ensure that the individual measurements could be assigned to the same laser pulse, all measurements must be triggered and no shots missed. A master trigger, derived from the pulse picker of the CPA system, triggered the acquisition of all our diagnostics. Synchronization between the different measurement apparatuses was assured by placing measurement markers in the form of suppressed pulses at the start and the end of the measurement runs. The markers, generated by the DAZZLER, made it possible to check if each individual measurement had acquired the same number of shots.
For each laser shot, the recorded energy, spectrum and SPIDER interferogram allowed the reconstruction of the spectral phase, temporal pulse profile and temporal phase of the pulses before and behind the hollow fiber. Subsequently, a set of useful characteristic parameters was calculated for each shot, e.g. pulse duration or spectral bandwidth, allowing statistical analysis and visualization by time series and histograms. To visualize the complete set of single-shot spectra and pulse shapes we used density plots. On a density plot, darker regions are indicative of a smaller spread. Results: amplifier output stability
First we present the part of the whole data set, containing 116 273 laser shots over a time interval of nearly two minutes, which describes fully the amplifier stability.
3.1
Amplifier energy
A critical laser pulse parameter that influences the hollow-fiber dynamics is the input-pulse energy, and its time series is shown in Fig. 3 . Figure 4 shows a histogram of the 4 Histogram of the amplifier output pulse energy. The crosses are the experimental data in a histogram with 100 bins. The continuous curve is a Gaussian fit to the data. It is centered at 869.4 µJ and has a σ of 6.9 µJ data in Fig. 3 . The excellent agreement with a Gaussian fit (solid line in Fig. 4) indicates that the fluctuations were Gaussian. The center was at 869.4 µJ and σ (corresponding to the standard deviation) was 6.9 µJ. The σ of the energy fluctuations corresponded to 0.8% of the mean pulse energy, making this a laser system with adequate stability to drive the hollow fiber.
3.2
Amplifier spectral characteristics
The measured spectra were used to extract two relevant parameters: the spectral width, which determines the transform-limited pulse duration, and the center of gravity of the spectrum, which is related to the center frequency of the pulse. Since FWHM width does not take into account the shape of the spectrum, we chose to calculate the second-order moment of the spectrum instead. The values and statistical characteristics of these parameters are shown in The spectral phases of all the pulses were reconstructed from the SPIDER measurements in the data set, and are shown in Fig. 5 as a density plot. The sharpness of the curve shows that the shape of the phase remains practically unchanged. The fluctuations are thus very small except in the extreme wings, where the spectral intensity is low and the SPIDER reconstruction less reliable due to signal-to-noise restrictions. Note that the spectral phase is constrained to zero at two suitably chosen points (approximately at 375 and 400 THz) by subtracting the arbitrary linear contribution which corresponds to a temporal shift of the pulse. The plot therefore illustrates the fluctuations in shape of the spectral phase which in turn affect the temporal characteristics of the pulse.
3.3
Amplifier temporal pulse shape
The temporal pulse envelope for all shots is shown in Fig. 6 . The intensity FWHM pulse duration was 29.0 ± 0.7 fs, which corresponds to fluctuations less than 0.5%. This demonstrates that despite the small fluctuations in spectral phase, the temporal pulse profile of the amplifier output was very stable.
Beam-pointing fluctuations
An important issue concerning the propagation of the mode inside the hollow fiber is the beam-pointing instabilities, which change the coupling into the fiber and thus FIGURE 6 Density plot of the temporal pulse envelope of all the laser shots in the data set. The small spread of the curve shows that the pulse envelope is stable exert a considerable influence on the propagation and selfphase modulation. A measurement of the beam pointing of the amplifier output was performed at a kHz rate to investigate possible correlations between the beam position and properties of the short pulses out of the fiber. Figure 7 shows a data sample of 15 062 consecutive shots, where the axes are in per cent of the horizontal and vertical beam diameters. The distribution of beam positions was Gaussian in both axes and the peak-to-peak fluctuations were well below 1% of the beam diameter. This system therefore did not need input beampointing stabilization. Table 1 shows the values discussed above and also summarizes the spectral characteristics of the amplifier output (not plotted). The low deviations, together with the beam-pointing result, show that the amplifier stability is high. The amplifier fluctuations can be expected to be low enough to be able to study hollow-fiber dynamics in their own right.
Hollow-fiber pulse dynamics
We now present measurements of the output of the hollow fiber (diameter 400 µm, 330 mbar Ar) taken simultaneously with the data discussed in Sect. 3. In addition to the parameters examined for the amplifier pulses, we present a number of parameters (temporal chirp and instantaneous frequency at pulse maximum) that are relevant for non-linear processes like HHG and attosecond pulse generation.
Energy of compressed output
In Fig. 8 the time series for the energy of the hollow fiber compressed pulses is plotted. The initial pulse energy of more than 410 µJ drops during 20 s before settling at an average value of 388.7 µJ. This slow saturation-like process was observed every time the laser pulses were switched on and was found to be uncorrelated with the energy, or any other parameter, of the incoming pulses (compare Fig. 3 ). The first data point corresponds to the first laser pulse to enter the hollow fiber. We conclude that a slow process occurs inside the FIGURE 8 Time series for the energy after the hollow fiber. The vertical axis is in µJ and the horizontal axis corresponds to measurement time in ms. A salient feature is that the pulse energy drops slowly from a maximum of more than 410 µJ to an average of slightly less than 390 µJ within the first 20 s after switching on the laser pulses FIGURE 9 Histogram of the pulse energy out of the hollow fiber. The dots are the experimental data in a histogram with 100 bins. The continuous curve is a Gaussian fit to the data. It is centered at 388.7 µJ and has a σ of 2.1 µJ gas-filled hollow fiber and, due to the time scale of the decay, attribute the phenomenon to thermal effects.
Since the first 20 s clearly corresponds to a different regime of operation, in the following we discard the first 22 000 laser pulses of the data set in order to study the steadystate behavior of the hollow fiber.
A histogram of the pulse energy from the hollow fiber and after compression is shown in Fig. 9 , together with a Gaussian fit to the data. The distribution is centered at 388.7 µJ and has a σ of only 2.1 µJ. The energy fluctuations of the pulses from the hollow fiber are 0.5%, which is significantly less than those of the driving laser pulses (0.8%).
Spectral characteristics of compressed output
The broadening of the spectrum in the hollow fiber is a non-linear process and thus extremely susceptible to fluctuations of the input pulses. A density plot of the measured optical spectrum of all the pulses in the steady-state data set is shown in Fig. 10 . Some more insight into how important the spectral fluctuations are can be gained from analyzing the spectral width and the central wavelength (center of gravity) of the spectra in Fig. 10 ; the statistics are shown in Table 2 . Both parameters had very little spread, which means that the output spectrum of the fiber was surprisingly stable in view of the non-linear processes at work. Measurements of hollow-fiber pulse parameters FIGURE 11 Density plot of the spectral phase of the hollow-fiber output. The fluctuations of the phase are most pronounced in the wings where spectral intensity is low
The spectral phase is shown as a density plot in Fig. 11 and it is flat and stable for most of the range. Only in the wings is the phase steep and some fluctuations are present. Note that the spectral phase is again constrained to zero at two points by subtracting an arbitrary linear contribution.
Temporal characteristics of compressed output
We reconstruct the temporal pulse envelope of the spectrally broadened pulses from the hollow fiber after compression by chirped mirrors. The density plot of the pulses (Fig. 12) shows that all the pulses should be suitable for applications such as high-harmonic generation. The mean pulse duration is measured to be 6.3 ± 0.1 fs (see Table 2 ). Together with the good energy stability this means that the peak intensity, which is an all-important parameter for non-linear applications, is also very uniform.
Clearly, further parameters are needed to describe the properties of the pulses for high-order non-linear optical phe-FIGURE 12 Density plot of the temporal pulse shape. The pulses are very similar and present little variation in the intensity profile FIGURE 13 Apparent spread of harmonics 59 and 61 obtained by multiplication from a histogram of the instantaneous frequency at the maximum of the pulse, assuming infinitesimal spectral width for each harmonic shot nomena. It is not only possible to study the pulse envelope but the knowledge of phase and spectrum also gives access to the electric field itself. The measured chirp, i.e. the rate of change of the instantaneous frequency, is shown in Table 2 and we observe that the pulses exhibit a residual negative chirp. The instantaneous frequency at the maximum of the pulse was deduced from the temporal phase of the pulse. It is listed (Table 2) in wavelength units λ max and its average is 763 nm, in order to compare it to the center of gravity of the optical spectrum, which lies at 775.5 nm.
While λ max is similar to the center of gravity of the spectrum, it is expected to be more relevant in HHG using fewcycle pulses because higher harmonics are generated near the pulse peak. To illustrate the effect of the fluctuations in λ max on HHG, we plotted the expected distribution of the positions of harmonics 59 and 61 in Fig. 13 assuming an infinitesimal width of the harmonics. As can be seen, a broad apparent spectral width of the harmonics arises solely from the pulseto-pulse fluctuations in λ max of the hollow fiber compressed pulses. Thus, it could be essential for high-harmonic characterization not to average over many shots.
5
Correlation between pulse properties before and after the hollow fiber
The simultaneous measurements provide a much more powerful insight into hollow-fiber dynamics when looking for correlations between pulse properties before and after the fiber. From the measured data, we calculated a number 
5.1
Energy correlation
In Fig. 14 the output-pulse energy is plotted against the input energy together with a linear fit. The data showed a clear correlation between the two parameters and, as expected, the higher the incoming energy, the higher the energy coming out of the fiber.
Spectral characteristics
The bandwidth of the broadened spectrum is a crucial parameter because it determines the fundamental limit of the compressed pulse duration. We therefore examined the data set to look for input-pulse parameters that strongly correlate with output bandwidth. A clear correlation is shown in Fig. 15a , where output bandwidth versus input chirp is plotted. The generated bandwidth was larger for unchirped driving pulses, which is consistent with the chirp being a sensitive parameter indicating input-pulse quality. If the chirp vanishes, the pulse is transform limited and has minimal side lobes and thus the spectral broadening in the fiber is improved.
5.3
Temporal characteristics
In the time domain one can observe the same behavior as in Sect. 5.2. The FWHM pulse duration of the fiber output pulses is also correlated with the chirp of the driving laser pulses (Fig. 15c) . The pulses are shorter for lower chirp of the generating pulse, in good agreement with the increased bandwidth under these conditions.
For non-linear applications the wavelength and the chirp at the pulse maximum are relevant parameters, because the dominant interaction takes place at the maximum of the electric field. Both were correlated to the chirp of the driving laser pulse, as shown in Fig. 15b and d . Note that the chirp of the short pulses was negative because their spectral phase was not perfectly flat.
FIGURE 15
The pulse duration, wavelength at the pulse maximum and the chirp of the hollow fiber compressed pulses versus the chirp of the driving pulse with linear fits
5.4
Other correlations
The broadness of the correlation plots discussed above means that beside the chirp there must have been other factors responsible for the observed variations in the output-pulse characteristics. However, correlations of the output spectral and temporal characteristics with the input-pulse energy, duration and spectral width were not found to be significant. The explanation for these surprisingly absent correlations is that the latter parameters are so stable in our amplifier system that the influence of their fluctuations cannot be observed as a linear correlation.
We studied the influence of beam pointing on the hollowfiber output using several shorter complete data sets (due to the limited acquisition capabilities of the beam-position measurement). The results confirmed that in our setup there were no correlations of the compressed pulse properties with input-beam pointing. Again, the absence of any correlation can be attributed to the high beam-pointing stability of the input.
Conclusions
We have performed a simultaneous shot-by-shot measurement at 1 kHz of all relevant pulse parameters before and after an argon-filled hollow fiber compression setup. The input pulses provided by a home-made CPA system were found to be very stable. The compressed output pulses after the hollow fiber were 6.3 fs in duration and the fluctuations in the output-pulse properties were found to be correlated with the measured chirp of the input pulses. The hollow fiber improved the energy stability of the input pulses and had excellent spectral stability. The hollow fiber output pulses were analyzed and some parameter fluctuations (other than CEO) affecting sample-averaged HHG spectra were proposed. The conclusion is that single-shot data can provide better insight because they are free of the stochastic shot-to-shot fluctuation, but present demanding challenges to laser characterization and control.
The kHz measurement techniques shown here should in future be complemented by CEO measurements and can then be used to characterize and optimize the performance of sources of isolated attosecond pulses or other sub-6-fs laser sources under development. The dual high-repetitionrate measurement performed here will be of invaluable assistance in the optimization and analysis of future experiments, such as dissociation correlation measurements and coherent control experiments. The need to vary pulse parameters without relying on stochastic effects can be simply addressed by in future exploiting the powerful pulse control offered by the DAZZLER built into the CPA system presented.
